Abstract. Introduction: Analysis of nuclear texture features as a measure of nuclear chromatin changes has been proven to be useful when measured on thin (5-6 µm) tissue sections using conventional 2D bright field microscopy. The drawback of this approach is that most nuclei are not intact because of those thin sections. Confocal laser scanning microscopy (CLSM) allows measurements of texture in 3D reconstructed nuclei. The aim of this study was to develop 3D texture features that quantitatively describe changes in chromatin architecture associated with malignancy using CLSM images. Methods: Thirty-five features thoughtfully chosen from 4 categories of 3D texture features (discrete texture features, Markovian features, fractal features, grey value distribution features) were selected and tested for invariance properties (rotation and scaling) using artificial images with a known grey value distribution. The discriminative power of the 3D texture features was tested on artificially constructed benign and malignant 3D nuclei with increasing nucleolar size and advancing chromatin margination towards the periphery of the nucleus. As a clinical proof of principle, the discriminative power of the texture features was assessed on 10 benign and 10 malignant human prostate nuclei, evaluating also whether there was more texture information in 3D whole nuclei compared to a single 2D plane from the middle of the nucleus. Results: All texture features showed the expected invariance properties. Almost all features were sensitive to variations in the nucleolar size and to the degree of margination of chromatin. Fourteen texture features from different categories had high discriminative power for separating the benign and malignant nuclei. The discrete texture features performed less than expected. There was more information on nuclear texture in 3D than in 2D. Conclusion: A set of 35 3D nuclear texture features was used successfully to assess nuclear chromatin patterns in 3D images obtained by confocal laser scanning microscopy, and as a proof of principle we showed that these features may be clinically useful for analysis of prostate neoplasia.
Introduction
The transformation of a normal cell into a malignant cell is associated with genetic alterations that result in morphological changes in the nucleus [24] . Those genetic changes can be assessed by molecular screening techniques on a global level (DNA Ploidy [3] , patterns of chromosomal gains and losses [17] ) or on a high resolution level (PCR, sequence analysis). For diagnos-tic purposes it is conventional and less cumbersome to assess the morphological implications of these genetic changes such as nuclear [10] or nucleolar size [20] or chromatin distribution [8, 22] . The nuclear chromatin distribution in genetically altered cells is generally coarsely-clumped with multiple chromocenters and larger nucleoli in contrast to normal cells which characteristically have finely granular chromatin with few chromocenters and no or small nucleoli. These changes are often rather subtle or even subvisible, and are sometimes referred to as "malignancy associated changes" as they may be detected in morphologically benign cells when malignancy is present [13] . Therefore, they should better be quantified by "texture features" because they are very sensitive, even for small textural changes, and are not prone to observer subjectivity. Figure 1 shows representative benign and malignant confocal planes illustrating these changes.
There is a vast amount of literature on the clinical value of the assessment of such texture features by image analysis in conventional tissue sections or cytospins prepared from cell suspensions, ranging from diagnostic [13] to prognostic applications [18] . Conventional thin tissue sections have the drawback that only a slice of the nucleus is present within the section, resulting in potential loss of important information. This can be avoided by preparing cytospins from cell suspensions, but this introduces artifacts by the flattening of nuclei while spinning them down at high speed, and the morphological context of the analyzed nuclei is completely lost by the dissociation process and by drying. These drawbacks can be avoided completely by using confocal laser scanning microscopy (CLSM) for imaging of nuclei in thick sections. Thin optical slices are taken at high resolution by confocal imaging, and these are subsequently reconstructed in 3D [14, 19] . In spite of these major potential advantages, so far implementation of only a small number of 3D texture features was described in a single study [1] . In the present study we addressed this technical challenge and developed software for calculating 35 3D nuclear texture features. These were thoughtfully chosen from four categories of texture features: descriptive statistics for the grey-value distribution [6, 15] , features discriminating nuclear regions with a low, a medium and a high amount of DNA, Markovian features, derived from co-occurrence matrices [5, 9] and fractal features [7] . This selection was based on their reported clinical usefulness when measured by conventional 2D image cytometry, their wide popularity for texture characterization, and their potential power to detect nucleoli. To be most advantageous in practice, such texture features need to have invariant properties with regard to rotation and scaling that make it possible to image cells under arbitrary orientations and using different zoom factors, which we thoroughly tested in artificially created images. [15] . This feature is also theoretically rotation and scale invariant. For a normal distribution, the skewness is equal to 0. 5. Kurtosis: a measure for how far the tail-ends of the IFI distribution extend (this is equal to 0 for a Gaussian distribution) [15] . This feature is theoretically scale and rotation invariant.
Methods

Implementation of 3D texture features
Discrete texture features [6]
It is often possible to visually discern areas in the nucleus with different chromatin condensation states, corresponding to different ranges of grey-values. We define the low density area as the area containing pixels with a grey-value in the range from [ The compactness of the surfaces of the different condensation states is used as a measure for the circularity. The surface of the enclosing surfaces is computed for all objects in the condensation state. In our implementation, the surfaces were computed by triangulation of the condensation states and integrating the area of the triangles. The value of compactness equals 1 for a sphere. This feature is theoretically rotation, but not scale invariant. 6. The average distance between the geometrical centre of the nucleus and all voxels from each chromatin state. This indicates how close the chromatin is located to the border. The function
is defined as the Euclidean distance between the geometrical center of the nucleus, C, and the coordinate (i, j, k). It is normalized with the volume of the chromatin state (VOLUME A ) and the average radius of the nucleus (R). The average distance is 1 if all voxels from a certain condensation state are on the nuclear border (i.e. as far from the center of the nucleus as possible). This feature is theoretically rotation and scale invariant. 7. The distance between the geometrical centre of the nucleus (C) and the center of mass of each chromatin condensation state (CM A ). It is nor-malized with the volume of the chromatin state (VOLUME A ) and the average radius R of the nucleus. The value of this feature is zero if the chromatin states are distributed symmetrically with respect to the nuclear center. This feature is theoretically rotation and scale invariant.
Markovian texture features
Markovian texture features describe texture patterns more locally and are typically computed from a cooccurrence matrix [9] . They characterize the second order gray-level distribution of an image. The elements of the co-occurrence matrix describe the joint probability that a gray-level i co-occurs with a gray-level j on a distance d under angle θ and inclination φ. Texture features are derived from the co-occurrence matrix. The features we calculated are: Energy, Entropy, Correlation, Difference Moment, Inertia, Cluster Shade and Cluster Prominence [9] . These features are fundamentally not rotation and scale invariant. However, rotation invariance is achieved by computing co-occurrence matrices for different angles and inclinations and combining those matrices by averaging. Scale invariance could be introduced by using multi-resolution techniques (e.g. image pyramids). However, since our aim was to compare cell nuclei at the same scale, we did not correct these features for scale variance.
Fractal texture features
Fractals are mathematical objects which have similar details on different scales. The advantage of fractals is that their complexity is invariant under scaling and have a strong correlation with human judgment of roughness of texture [4] . In our software implementation we used the box-counting approach [16] .
The fractal dimension is a feature used to characterize the geometrical complexity of the chromatin pattern. However, two different objects can have the same fractal dimension. Therefore another feature is needed to characterize the fractal more precisely. One such feature is the lacunarity, which characterizes the size of gaps or holes of a fractal, in this particular context chromatin clearings and nucleoli. The calculation of the lacunarity was implemented using a gliding box approach [7] .
Verification of implementation using model images
We verified our software implementation using images of artificially generated ovoid 3D objects simulating nuclei, for which the true values for texture feature values are mathematically defined. These images were defined as having an isotropic resolution. For the discrete and general statistical features, these objects were generated with Gaussian distributed grey-values (mean and standard deviation of 740.0 and 400.0).
For the discrete texture features, we verified the intra-nuclear segmentation by assessing the areas of the low, medium and high condensation states. These areas were respectively 16%, 68% and 16% as expected. The ITK software provided the algorithms to validate the Markovian features. This was done by manually defining grey values within an artificial image, computing the Markovian texture feature values with the implemented algorithms, and comparing these to reference values. The computation of the fractal dimension was verified using the above described artificial nuclei. The fractal dimension is known to be 2 for normally distributed images [11] . The lacunarity computation was verified using artificial 3D nuclei having uniformly distributed grey-values, the number of lacunas being known from the distribution parameters.
The procedure was repeated for the same object under an angle of 90 • and a magnification factor of 8 to test for rotation and scale invariance, respectively. Table 2 shows AUC values for features discriminating benign and malignant artificial nuclei with different degrees of chromatin margination and nucleolar sizes. Most features were both sensitive for nucleolar size and chromatin margination. Features that remained discriminative although the effect of the nucleolar size and chromatin margination was very limited are marked with a plus sign. Features that were never able to discriminate between the benign and malignant artificial nuclei were Inertia and Correlation, both derived from the co-occurrence matrix, the Volume of the low and high condensation states, the Compactness of the medium and high condensation states, and the Fractal dimension.
Assessment of clinical value by discriminating benign and malignant model and prostate nuclei
The discriminative power of our features was tested on the above described artificially generated ovoid shaped nuclei with normally distributed grey-values that were used as a model of benign nuclei. These nuclei were compared with artificial malignant nuclei, which were modeled to have normally distributed greyvalues with the same parameters as the benign nuclei, but with an added nucleolus and the DNA located more towards the border. The grey-value of the nucleolus was set to 3276, 80% of the maximum grey-value for a 12 bit signal-depth. The ovoid shaped area containing a low amount of DNA was centered in the nucleus. This region has normally distributed grey values, with a mean value of 370 and a standard deviation of 200. These nuclei were constructed to fit in a bounding box with dimensions of 80 × 80 × 12 voxels. Figure 2 shows examples of these artificial nuclei. The size of the ovoid shaped nucleolus was varied, together with the radius of a central nuclear region with a relatively low amount of DNA to simulate chromatin margination. By varying these radii we established the sensitivity of the 3D texture features.
For further clinical validation, a fourteen micron thick section from a prostatectomy specimen containing prostate cancer was stained with TO-PRO-3 (Molecular Probes, Eugene, OR, USA) and subsequently imaged in 3D in a semi-automated fashion by confocal laser scanning microscopy (Leica TCS SP2 AOBS, Leica Microsystems, Heidelberg, Germany). Segmentation of the cell nuclei was performed by our previously developed software for 3D segmentation of cell nuclei images acquired with CLSM [2] . The segmentation results were exported to our texture feature computation software for feature calculation of benign and malignant cells as judged by a pathologist (PvD). The parameters of the normal distribution of the artificially created cell nuclei (mean of 740 and standard deviation of 400) were established from the mean and variance of these benign nuclei.
In univariate analysis, Receiver Operating Characteristic (ROC) analysis was used to discriminate between benign and malignant model nuclei [23] , varying the radius of the size of the central area with a low amount of DNA and the size of the nucleolus. The area under the ROC curve (AUC) was used as a measure for the discriminative performance (0.5-1) of an individual feature [21] .
Discriminating benign and malignant prostate nuclei: 2D vs 3D
In order to assess the added value of using the complete 3D image stack in nuclear texture feature calculations compared to bright-field microscopy, we reimplemented the 3D texture features for 2D application. Using the 3D stacks of the 10 benign and 10 malignant prostate nuclei as described above, we identified the central plane for each nucleus, calculated the 35 textures features in this single plane, and compared the AUC values between these 2D features with the 3D features calculated for the whole nuclei. Table 1 shows the theoretical and experimentally established invariance properties of the implemented texture features. All features showed the theoretically expected invariant properties. From the descriptive sta- Table 1 Invariance properties of 35 implemented 3D texture features computed on artificial nuclei having a nuclear size of 10 µm and a nucleolar size of 3 µm and a scaling of the central area with a low amount of DNA of 0.5 with respect to the nuclear size. The percentages are relative changes with respect to the initial image from which the rotated and scaled images were computed In the 2D/3D comparison, the AUC values of the 20 best discriminating features, computed in 3D, were significantly higher (p = 0.001, Wilcoxon signed ranks test) when computed for 3D whole nuclei than when assessed in the single central 2D plane. 
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Discussion
The aim of this study was to develop software approaches to analyze multiple 3D nuclear texture features in order to detect subtle changes in nuclear chromatin patterns in thick tissue sections imaged by confocal laser scanning microscopy. Thirty-five features were thoughtfully chosen from four categories of texture features. The software implementation of these features were tested for invariance with regard to rotation and scaling in model images. When the expected results were obtained illustrating correct implementation, the discriminative power of these features was tested on artificial 3D nuclei to establish whether the texture features were sensitive for nucleolar size and/or chromatin margination. It appeared that almost all features were sensitive to variations in the nucleolar size and for the degree of chromatin margination.
Their discriminative power to separate benign and malignant prostate nuclei was also tested. It appeared that 14 texture features were able to discriminate (AUC 0.80) the benign and malignant nuclei. From those features, 4 are from the category of discrete texture features, 4 are general grey-value statistics and 6 are from the category of Markovian texture features. From those 14 features, according to our model studies 9 were not sensitive to an increase in nucleolar size and degree of chromatin margination, 2 were not discriminative at all and 3 only for larger nucleoli and advanced chromatin margination. We expected the discrete features to perform well, because they correspond closely with the visual changes occurring during the development of malignancy in prostate cancer, namely the appearance of a prominent nucleolus and margination of the chromatin. However, the discriminative power of these features was less than expected, due to the number of regions and the thresholds used to define those regions. Markovian features are known to perform well in 2D [21] and we showed that they also perform well in 3D.
In order to assess the added value of the third dimension in nuclear texture feature calculations, we reimplemented the 3D texture features for 2D application. Using the 3D stacks of the 10 benign and 10 malignant prostate nuclei as described above, we identified the middle plane for each nucleus, calculated the 35 textures features in this single plane, and compared the AUC values between these 2D features with the 3D features calculated for the whole nuclei. The 20 best performing features had significantly better AUC values in 3D than in 2D, indicating that there is more nuclear texture information in 3D than in 2D. When comparing texture data from 2D images obtained from wide field microscopy to a 3D confocal image stack the difference in texture information will be even larger than in our experiment due to the larger depth of field of regular wide-field microscopy.
Although successful implementation of 3D texture features has now been achieved, some further improvements can be expected by implementing corrections for the scale variance of some of the features. Improvements are likely to be achieved when using new optical techniques, like 4pi microscopy, resulting in better images, or, more practically by the use of deconvolution algorithms [12] that deblur the images, resulting in more image information in the Z-direction. Such improvements in image quality will compensate for the potential rotational variance in texture feature calculation due to the relatively low amount of Z-information. Furthermore, the Markovian texture features will have more discriminative power, since they are computed by combining information from the Z-direction as well as in-plane information. These texture features are thus biased by the blurring in the Z-direction. Now that we have implemented a large amount of 3D texture features, which has not been done previously at this scale, and the proof of principle demonstrates that these features may be clinically useful, a more extensive clinical evaluation will be completed. This will initially concern discriminating benign and malignant prostatic nuclei in prostatectomy specimens, then biopsies, and will also involve detecting malignancy associated changes in morphologically benign nuclei from cancer cases as predictive markers and as surrogate endpoints for evaluating therapy, especially preventive interventions.
In conclusion, successful implementation has been achieved of 35 3D nuclear texture features. This technique can be used to detect the presence of nucleoli, among other textural changes and to assess nuclear chromatin patterns in 3D images obtained by confocal laser scanning microscopy. As a proof of principle we demonstrated that these features may be useful clinically for analysis of neoplastic changes in prostate tissue.
Appendix: Texture feature formulas
In the remainder, the following notation is used: I(i, j, k) denotes the intensity at voxel (i, j, k), where i, j and k are discrete indices in the image. The coordinate (x, y, z) denotes a point in world-space. N is the number of voxels and Volume is nuclear volume.
A. Descriptive statistical features [6] 1. Integrated fluorescence intensity:
I(i, j, k).
Mean fluorescence intensity:
MFI = IFI VOLUME .
Fluorescence intensity variance:
The standard deviation, FISD, is given by √ FIVAR. 4. Skewness of the fluorescence intensity distribution [15] :
5. Kurtosis of the fluorescence intensity distribution [15] :
B. Discrete texture features [6] . The subscript A is used to denote a specific chromatin condensation state. Texture features are computed for several different condensation states.
Extinction ratio:
amount(A) = IFI A IFI .
Average extinction ratio:
avg_extinction(A) = MFI A MFI low .
Compactness:
6. Average distance to geometrical center. 
